somes, which are 50-to 100-nm-diameter lipid vesicles, have been implicated in intercellular communication, including transmitting malignancy, and as a way for viral particles to evade detection while spreading to new cells. Previously, we demonstrated that adult cardiac myocytes release heat shock protein (HSP)60 in exosomes. Extracellular HSP60, when not in exosomes, causes cardiac myocyte apoptosis via the activation of Toll-like receptor 4. Thus, release of HSP60 from exosomes would be damaging to the surrounding cardiac myocytes. We hypothesized that 1) pathological changes in the environment, such as fever, change in pH, or ethanol consumption, would increase exosome permeability; 2) different exosome inducers would result in different exosomal protein content; 3) ethanol at "physiological" concentrations would cause exosome release; and 4) ROS production is an underlying mechanism of increased exosome production. We found the following: first, exosomes retained their protein cargo under different physiological/pathological conditions, based on Western blot analyses. Second, mass spectrometry demonstrated that the protein content of cardiac exosomes differed significantly from other types of exosomes in the literature and contained cytosolic, sarcomeric, and mitochondrial proteins. Third, ethanol did not affect exosome stability but greatly increased the production of exosomes by cardiac myocytes. Fourth, ethanol-and hypoxia/reoxygenation-derived exosomes had different protein content. Finally, ROS inhibition reduced exosome production but did not completely inhibit it. In conclusion, exosomal protein content is influenced by the cell source and stimulus for exosome formation. ROS stimulate exosome production. The functions of exosomes remain to be fully elucidated. exosome; proteomics; ethanol; valosin-containing protein; heat shock protein 60; alcoholic cardiomyopathy; reactive oxygen species STUDIES OF EXOSOMES, which are 50-to 100-nm-diameter lipid vesicles produced by a variety of cell types, and the cardiovascular system have been very limited. Most work on exosomes has focused on cancer, and this work suggests that exosomes have a role in intercellular signaling (5, 43). Previously, we (12) found that heat shock protein (HSP)60 was released in exosomes. We (19) have also shown that extracellular (ex)HSP60 can activate the innate immune system via Toll-like receptor (TLR)4, leading to cardiac myocyte apoptosis. ExHSP60 has also been shown to contribute to myocardial injury during ischemia (25). HSP60 has been found in human and rat plasma and serum samples in studies of both cardiovascular disease and diabetes (3, 11, 24, 26, 35) . We reasoned that if HSP60 was contained within the exosome, it would not be toxic. However, if HSP60 was released from the exosome, this would promote cardiac myocyte death. The stability of exosomes and their ability to retain their cargo have not been investigated. In addition, the underlying mechanisms regulating exosome formation are not well understood and have not been studied in cardiac cells. Understanding the function and fate of cardiac exosomes can provide new insights into cardiovascular disease.
STUDIES OF EXOSOMES, which are 50-to 100-nm-diameter lipid vesicles produced by a variety of cell types, and the cardiovascular system have been very limited. Most work on exosomes has focused on cancer, and this work suggests that exosomes have a role in intercellular signaling (5, 43) . Previously, we (12) found that heat shock protein (HSP)60 was released in exosomes. We (19) have also shown that extracellular (ex)HSP60 can activate the innate immune system via Toll-like receptor (TLR)4, leading to cardiac myocyte apoptosis. ExHSP60 has also been shown to contribute to myocardial injury during ischemia (25) . HSP60 has been found in human and rat plasma and serum samples in studies of both cardiovascular disease and diabetes (3, 11, 24, 26, 35) . We reasoned that if HSP60 was contained within the exosome, it would not be toxic. However, if HSP60 was released from the exosome, this would promote cardiac myocyte death. The stability of exosomes and their ability to retain their cargo have not been investigated. In addition, the underlying mechanisms regulating exosome formation are not well understood and have not been studied in cardiac cells. Understanding the function and fate of cardiac exosomes can provide new insights into cardiovascular disease.
We investigated the stability of exosomes under physiological and pathological conditions, including changes in temperature and pH. We hypothesized that pathological conditions, such as fever and acidosis, would increase the leakiness of exosomes and release HSP60. We also examined whether ethanol, an organic solvent, at levels seen with moderate and heavy consumption of alcoholic beverages would increase the leakiness of exosomes. To better understand the function of cardiac myocyte-derived exosomes, we studied their protein content by mass spectrometry (MS) and compared exosomes produced after two different treatments: mild hypoxia and ethanol. Finally, we hypothesized that ROS production was a common factor between hypoxia/reoxygenation and ethanol treatment leading to exosome release. The results of these experiments, which demonstrated that exosomes are quite stable, exosomal protein content varies depending on the stimulus for production, and ROS have an important role in exosome generation, are reported here.
METHODS

Isolated Adult Cardiac Myocytes
Isolated adult cardiac myocytes were prepared from the hearts of 3-mo-old male Sprague-Dawley rats, as previously described (48) . The animal protocol was approved by the University of CaliforniaDavis Research Committee in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All research adhered to the American Physiological Society's "Guiding Principles in the Care and Use of Vertebrate Animals in Research." Rats were anesthetized with an intraperitoneal injection of ketamine(75 mg/kg) and xylazine (3.9 mg/kg). Before removal of the heart, a terminal event, for the preparation of isolated cardiac myocytes, deep anesthesia was confirmed by the absence of corneal and toe pinch reflexes. Adult cardiac myocytes were cultured in media containing human serum albumin. As serum samples can contain exosomes, this human serum albumin was first centrifuged at 164,000 g for 2 h to remove all exosomes, as previously described (12) .
Exosome Isolation
Untreated adult cardiac myocytes in culture produce a very minimal amount of exosomes. Exosome production by cardiac myocytes was increased by hypoxia (2 h) followed by 1 h of reoxygenation, as previously described (12) . In later experiments, treatment with cell culture grade ethanol, at concentrations found in humans consuming alcoholic beverages, was done for 2 h followed by 1 h of recovery, matching the timing of the hypoxia protocol, after we found that ethanol treatment greatly increased exosome production.
Two different approaches were used to purify exosomes from the media. The first was a method adhering to current good manufacturing processes that generates exosomes that can be used clinically, which was tried so that exosomes could then be used for in vivo experiments (21) . Alternatively, ExoQuick (System Biosciences) was used as a second method to prepare exosomes. This approach involves less labor than the serial centrifugation we used previously (12) . ExoQuick was used following the directions of the manufacturer. When exosomes were prepared from media, the media was first concentrated from 50 ml to 130 l with Amicon Ultra filter (Millipore, Billerica, MA) with a 100,000 molecular weight cutoff before ExoQuick treatment.
Exosome Quality
As exosomes are too small to readily visualize, the quality of exosome preparations was confirmed by measuring the hydrodynamic radius with a particle sizing system (NICOMP 380 zls, PSS, Port Richey, FL). In addition, acetyl choline esterase activity, which reflects the amount of cell membrane present, was used to indirectly follow the quantity of exosomes isolated along with measurement of total protein by the BCA assay (Pierce, Rockford, IL), as previously described (12) . Highly consistent preparations of exosomes were obtained with Exoquick.
Electron Microscopy
Electron microscopy was done in the core Electron Microscopy Laboratory (Department of Pathology and Laboratory Medicine, School of Medicine, University of California, Davis, CA) following the approach of Thery et al. (50) . Exosomes were ultracentrifuged to generate a pellet as part of the final step of isolation. A drop of this resuspended pellet was allowed to settle on a gold-coated grid, blotted, fixed in 1% glutaraldehyde, washed for 2 min in doubledistilled water, incubated in uranyl oxylate for 5 min, incubated in three separate drops of methyl cellulose with uranyl acetate with 5 min in the first two drops and 10 min in the last drop, and finally removed from methyl cellulose-uranyl acetate by slow-drag on edge on filter paper. Exosomes were visualized by standard transmission electron microscopy with a Philips CM120 microscope.
Exosome Treatments
Exosomes were placed in standard PBS for all incubations. Protein concentrations were measured by the BCA assay (Pierce). After incubations under different conditions, exosomes were isolated by centrifugation at 164,000 g for 2 h. Protein in the supernatant was concentrated in an Amicon Ultra filter (Millipore) with a 100,000 molecular weight cutoff cutoff. Exosomal (pellet) and released (supernatant) proteins were separated by 10% SDS-PAGE, transferred to nitrocellulose, and then analyzed for HSP60 expression using our previously published methods, as detailed below.
Temperature incubations were done using precision water baths set at appropriate temperature and a 4°C refrigerator. pH was adjusted with concentrated HCl. Ethanol (100%, tissue culture grade) was added to the buffer to achieve concentrations of 21.7 and 65.1 mM. These ethanol levels correspond to legally intoxicated levels and levels found with the consumption of multiple alcoholic drinks (15) . Similar concentrations have been studied using in vivo rodent models of ethanol ingestion (16) .
Cell Injury
Apoptosis was assessed by quantifying DNA fragmentation with the cell death detection assay (Roche) as previously described (19) . Lactate dehydrogenase (LDH) release was measured using a standard assay, as previously reported (45) .
ROS Levels
ROS levels were measured by a fluorescent method with confocal microscopy. CellROX deep red (Invitrogen) was used as an indicator for cell ROS, as previously described (4) . Cardiac myocytes were treated with high-dose ethanol for 2 h and changed to standard media, at which time CellROX deep red was added. Cells were incubated with CellROX deep red for 30 min, fixed with 4% paraformaldehyde in PBS, and mounted with 4=,6-diamidino-2-phenylindole for counterstaining. The intensity of CellROX fluorescence was calculated and analyzed to quantify the ROS level, as previously described (4) .
MS
Experiments of exosomal protein content were done in the University of California-Davis Proteomics Core. Samples were briefly separated using standard 10% SDS-PAGE and visualized with Instant Blue Protein Stain (Fisher Scientific). Gel pieces, containing all the proteins in the sample, were cut out and digested overnight with trypsin according to a standard protocol. LC-MS/MS analysis was performed using the standard top 15 method using a Thermo Scientific QExactive orbitrap mass spectrometer in conjunction with Paradigm MG4 HPLC (Michrom Bio Resources, Auburn, CA). Digested peptides were loaded onto a Michrom C18 trap and desalted before being separated using a Michrom 200 ϫ 150-mm Magic C18AQ reversephase column. A flow rate of 2 ml/min was used. Peptides were eluted using a 60-min gradient with 2% solvent B to 35% solvent B over 40 min, 35% solvent B to 80% solvent B for 3 min, 80% solvent B for 2 min, and then a decrease from 80% to 5% solvent B in 1 min (where solvent A ϭ 0.1% formic acid and solvent B ϭ 100% acetonitrile). A spray voltage of 2.2 kV was used with a transfer capillary temperature of 200°C.
Data Analysis
Database searching. Tandem mass spectra were extracted, charge state deconvoluted, and deisotoped. All MS/MS samples were analyzed using X! Tandem [version TORNADO (2010.01.01.4), The GPM; thegpm.org]. X! Tandem was set up to search the Uniprot complete rat proteome database (unknown version, 71,443 entries) plus an equal number of reverse sequences and 115 common laboratory contaminant proteins (www.gpm.org/crap/), assuming the digestion enzyme trypsin. X! Tandem was searched with a fragment ion mass tolerance of 20 ppm and a parent ion tolerance of 20 ppm. The iodoacetamide derivative of cysteine was specified in X! Tandem as a fixed modification. Deamidation of asparagine and glutamine, oxidation of methionine and tryptophan, sulphone of methionine, tryptophan oxidation to formylkynurenin of tryptophan, and acetylation of the NH 2-terminus were specified in X! Tandem as variable modifications.
Criteria for protein identification. Scaffold (version Scaffold_3.2.0, Proteome Software, Portland, OR) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at Ͼ90.0% probability as specified by the Peptide Prophet algorithm (17a). Protein identifications were accepted if they could be established at Ͼ90.0% probability and contained at least two identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (33) . Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Using these parameters, the false discovery rate was calculated as 3.7% on the peptide level and 0.2% on the protein level for samples searched against the rat database.
Western Blot Analysis
Western blot analysis to analyze protein expression was performed as previously described (32) . Anti-HSP60 (Enzo Life Sciences, Farmingdale, NY) was used at 1:1,000, and anti-GAPDH (Fitzgerald Industries, Acton, MA) was used at 1:30,000. Antibodies to myomesin and myosin-binding protein C were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and used at a 1:1,000 dilution. Antibodies to valosin-containing protein (VCP), tropomyosin, and ␣-crystallin were obtained from ABCAM (Cambridge, MA) and used at a 1:1,000 dilution. Appropriate secondary antibodies with horseradish peroxidase were used at a 1:1,000 concentration. Western blots were developed with a chemiluminescent system (Pierce), and the subsequent images were analyzed as previously described (46) . We attempted to identify a loading control, which could be used in addition to Ponceau staining of the blots to confirm equivalent loading of blots. Exosomes are not cells but the products of cells subjected to different stresses, and their protein content may not be the same. GAPDH varied between ethanol-treated and hypoxia groups. Na ϩ -K ϩ -ATPase (Santa Cruz Biotechnology, 1:5,000), which was tested as a membrane protein, could have been more consistently present among different exosome preparations but varied among different exosome preparations and thus was not satisfactory as a loading control (data not shown). ␤-Actin (Millipore, 1:500), a common loading control, was not found either by MS or Western blot analysis (data not shown). Therefore, Western blot analysis was done without normalization to density of another protein, relying instead on the confirmation of equal protein loading by staining the membrane with Ponceau red before the development with antibody.
Statistics
All data are expressed as means Ϯ SE. Data were compared by ANOVA followed by the Student-Neuman-Keuls test. Normalized data were compared by ANOVA on ranks followed by a Dunnett's test. Two-way ANOVA was used to compare data on acetylcholine esterase activity. A Student's t-test was used when there were only two sets of data to be compared, such as for Western blot and ROS data. P values of Ͻ0.05 were considered to be significant.
Fig. 1. Exosome isolation and stability.
A: size distribution of exosomes, as measured by hydrodynamic radius using a particle sizing systems (NICOMP 380 zls). B and C: electron microscopy with negative staining to visualize exosomes. B: low-magnification image showing a field of exosomes (arrows) of 50 -100 nm in size. Bar ϭ 200 nm. C: higher-magnification image of two exosomes with sizes of 50 -100 nm. Bar ϭ 100 nm. D: exosomes were incubated for up to 18 h at varying temperatures, and high-speed centrifugation was used to pellet exosomes, generating pellet (exosomes) and supernatant fractions. As shown, little to no heat shock protein (HSP)60 was present in the supernatant. E: ethanol (EtOH) and exosome stability. Fractions are as described in D. F: effect of pH on exosome stability. Fractions are as described in D. Little or no release of HSP60 was seen with any treatment. G: HSP60 is tightly associated with the membrane (see text), and this might interfere with release from the exosome. The effect of temperature on GAPDH release was compared with HSP60 at 18 h.
RESULTS
Purified exosomes were prepared from the media of adult cardiac myocytes after brief hypoxia (2 h) and reoxygenation (1 h), as previously described (12) . Exosome size was analyzed with a Nanotrak particle sizing system (NICOMP 380 zls). A representative sizing graph is shown in Fig. 1A . Exosomes were, on average, 100 nm in diameter. Electron microscopy with negative staining was used to visualize the exosomes and confirm that 50-to 100-nm membranous spheres were isolated, as shown in Fig. 1 , B and C.
Exosome Integrity
As discussed above, exHSP60 causes cardiac myocyte apoptosis, and HSP60 is released from cardiac myocytes in exosomes. If HSP60 is sequestered in the exosomes, this should prevent toxicity; however, if exosomes release HSP60, it would be able to bind to TLR4 and cause apoptosis. Therefore, whether exosomes release proteins under varying conditions was assessed with three different sets of physiological/pathological conditions for as long as 18 h. A temperature range of 4 -42°C had no adverse effects on exosome stability, as assessed by the release of HSP60 (Fig. 1D ). The temperature of 4°C was tested not as a pathophysiological state but with regard to the issue of stability during temporary storage. Ethanol is an organic solvent, and we reasoned that consumption of ethanol might increase exosome leakiness. As shown in Fig. 1E , there was no release of HSP60 under conditions of low ethanol (21.7 mM) or high ethanol (65.1 mM), levels that correlate with legally intoxicated in most states and with the consumption of a high number of alcoholic drinks (15) . Over time, the ethanol would be expected to have some evaporation, but in vivo it would decrease secondary to metabolism. Similarly, pH variation was tested, and again there was no release of HSP60 from exosomes with acidosis, which would be seen with disease states such as ischemia, sepsis, and diabetic ketoacidosis (Fig. 1F) .
Previously, we (12) have found that HSP60 is predominantly associated with the exosome membrane and tightly bound to the membrane but not the transmembrane. If HSP60 is tightly bound, it might not be released by exosomes in response to changing conditions. However, GAPDH, a cytosolic protein, is also found in exosomes, as discussed below, and GAPDH might more readily be released by exosomes. As shown in Fig.  1G , after an 18-h incubation at different temperatures, neither HSP60 nor GAPDH were released from exosomes.
Clinical Grade Exosomes
Clinical grade exosomes are desirable for potential in vivo studies of exosome function. Clinical grade exosomes were isolated following the method of Lamparski et al. (21) . At 18 h, almost 50% of HSP60 had been released by exosomes over a range of temperatures (Fig. 2, A and B) . Similarly, ϳ40% of HSP60 was released with exposure to either pH 7.4 or 7.1 (Fig.  2, C and D) . Interestingly, HSP60 was present as a doublet in the protein released into the supernatant. Treatment with 21.7 and 65.1 mM ethanol did not change the release of HSP60 (Fig.  2, E and F) . Further investigation showed that at as early as 2 h, half of the HSP60 had been released by exosomes regardless of treatment. With Exoquick, as shown in Fig. 1 , there was little or no release of HSP60 from exosomes, but the clinical grade method, which involves multiple steps with concentrating and isolating the exosomes with high-speed centrifugation followed by filtration steps, was consistently associated with the release of HSP60 from exosomes in our hands.
Ethanol and Exosome Generation
We were surprised that ethanol did not increase exosome permeability. Even if ethanol did not effect exosome stability, it could change the production of exosomes, possibly through increased protein denaturation or other effects on the cell. Thus, we hypothesized that ethanol levels seen with alcohol Fig. 3 . A: exosome production after ethanol (65.1 mM) versus hypoxia/reoxygenation (H/R) was compared for 3 different cardiac myocyte isolations. After exosome purification, total protein was measured as an index of the amount of exosomes present. B: acetylcholine esterase activity, which reflects the presence of membranes, in ethanol-and hypoxia/reoxygenation-derived exosomes (n ϭ 3 per group). C and D: LDH release by cardiac myocytes measured as an index of cell injury after 2 h of treatment with 65.1 mM ethanol (n ϭ 5 per group; C) or after 2 h of hypoxia followed by reoxygenation (n ϭ 8/group; D). E and F: DNA fragmentation in cardiac myocytes was measured as an index of apoptosis after ethanol treatment (n ϭ 17 per group; E) and after hypoxia/reoxygenation (n ϭ 9 per group; F). *P Ͻ 0.05 vs. control (C); **P Ͻ 0.05, ethanol-derived exosomes vs. hypoxia/reoxygenation total protein. CC, concentration.
consumption would increase the production of exosomes. Adult cardiac myocytes were treated with either 21.7 or 65.1 mM cell culture grade ethanol. Both treatments resulted in exosome production. The particle sizing profile for the exosomes was similar to that seen with hypoxia/reoxygenationderived exosomes. Ethanol treatment resulted in much higher production of exosomes than hypoxia/reoxygenation. As shown in Fig. 3A , three different cardiac myocyte isolations were split, and half of the cells were treated with hypoxia/ reoxygenation and half were treated with 65.1 mM ethanol. Ethanol treatment consistently generated far more exosomes than hypoxia/reoxygenation based on the protein content of the exosome preparations (P Ͻ 0.05). Furthermore, acetylcholine esterase activity in ethanol-derived exosomes tended to be higher than that in exosomes isolated after brief hypoxia/ reoxygenation, but this did not reach significance (Fig. 3B) . Thus, the differences in protein content were more marked than any difference in acetylcholine esterase activity, as shown in Fig. 3 .
Does Exosome Generation Reflect Cardiac Myocyte Injury?
Previously, we have shown that the brief hypoxia/reoxygenation treatment used to generate exosomes does not cause LDH release, a sign of necrosis. Ethanol treatment (65.1 mM) and hypoxia/reoxygenation were each tested for evidence of cardiac myocyte necrosis (LDH release) and apoptosis (DNA fragmentation). As shown in Fig. 3 , C and D, there was no increase in LDH release from cardiac myocytes with either treatment. Ethanol treatment caused a small but significant increase in DNA fragmentation, whereas hypoxia/reoxygenation had no effect on DNA fragmentation (Fig. 3, E and F) . Given that the higher concentration of ethanol caused mild DNA fragmentation, the effect of low-dose ethanol (21.7 mM) on cardiac myocytes was also assessed. Low-dose ethanol caused no increase in LDH release (Fig. 4A) or DNA fragmentation (Fig. 4B) .
Exosome Proteomics
Ethanol. To gain insight into the function of exosomes, the protein content of three different exosome preparations after ethanol treatment (65.1 mM) of cardiac myocytes was analyzed by MS. Fifty-seven proteins were identified. Of these, four proteins were clearly contaminants from cell culture, sample preparation, and protein digestion with trypsin ( human serum albumin, trypsin, keratin, and human hemoglobin). Two proteins, haptoglobin and ferritin, are common serum proteins and may also have been contaminants from the cell culture media. These six proteins were excluded from analysis. As shown in Table 1 , 51 different exosomal proteins were identified, ranging from membrane to cytosolic and mitochondrial proteins. Eleven proteins were only found in one of the three exosome preparations, and five proteins were identified as uncharacterized proteins. The remaining 35 proteins included tropomyosin-␣ 1 , myomesin 2 (M-band), ␣-crystallin B, cardiac ␣-actin, GAPDH, and long-chain specific acyl-CoA dehydrogenase, a mitochondrial protein. Western blot analysis was used to confirm proteins of interest. As shown in Fig. 4C , myomesin, myosin-binding protein C, VCP (also known as p97 AAA-ATPase, Cdc48, and transitional endoplasmic reticulum ATPase), and tropomyosin were all found in multiple exosome preparations, confirming the MS results. ␣-Crystallin was found in two of three Western blot samples examined (Fig. 4C) .
Hypoxia/reoxygenation. We generated exosomes by two distinct treatments, which cause at most minimal harm based on LDH and DNA fragmentation. Whether these exosomes have similar protein content has a bearing on their potential function. Therefore, MS analysis of three different sets of Fig. 4 . A: LDH levels after treatment of cardiac myocytes with low-dose ethanol. B: DNA fragmentation assessed by cell death detection assay after treatment of cardiac myocytes with lowdose ethanol. C: Western blots confirming the key proteins present in ethanol-derived exosomes. All proteins were studied on same membrane. n ϭ 9 per group. VCP, valosin-containing protein.
hypoxia/reoxygenation exosomes was also done. As shown in Table 2 , 33 proteins were identified in hypoxia/reoxygenation-derived exosomes, excluding serum contaminants. Hypoxia/reoxygenation-derived exosomes contained HSP27 and HSP90, neither of which was found in ethanol-derived exosomes by MS. The 2 sets of exosomes had 17 proteins in common, including HSP60, GAPDH, tropomyosin-␣, myomesin, myosin-binding protein C, ␣-crystallin B chain, and VCP. Tables 3 and 4 show proteins only found in ethanolderived exosomes (Table 3) or hypoxia/reoxygenation-derived exosomes (Table 4 ). Figure 5 shows a comparison of the expression of key proteins from the two different types of exosomes. Ethanol-derived exosomes contained more myosinbinding protein C than hypoxia/reoxygenation-derived exosomes (P Ͻ 0.05; Fig. 5, A and B) . Similarly, VCP levels were higher in ethanol-generated exosomes than those released after hypoxia/reoxygenation (P Ͻ 0.01; Fig. 5, A and B) . Tropomyosin levels, while fairly constant in the ethanol-treated group, varied in the hypoxia/reoxygenation-treated group and overall did not differ. HSP60 levels were somewhat higher in the ethanol-treated group, but this was not significant (Fig. 5, C  and D) . GAPDH levels were lower in hypoxia-treated exosomes (P Ͻ 0.05; Fig. 5, C and D) .
Proteomics Control
To control for nonspecific proteins, we prepared exosomes from the media of untreated control cardiac myocytes. Such cells would produce very few exosomes, and this "exosome isolation" (blank) control was to determine what proteins were nonspecifically isolated. SDS-PAGE on this control sample showed only a single faint band, consistent with albumin (data not shown). The typical volume used for MS in the ethanol and hypoxia experiments was sent for MS analysis. As expected, human albumin was the predominant protein present followed by trypsin. LDH B chain and human keratin were both present. Finally, very small amounts of pyruvate kinase isozymes M1/M2 and cardiac ␣-actin were present compared with the robust amounts found in ethanol-and hypoxia/reoxygenationderived exosomes.
ROS
Hypoxia/reoxygenation is well established as a source of ROS. We hypothesized that ROS might be a common denominator for stimulation of exosome production. Ethanol has previously been reported to increase ROS in the heart, as discussed below. CellRox red (Invitrogen) was used to stain for ROS at the end of the 2-h ethanol treatment. As shown in Fig. 6 , A-C, ROS production was barely detectable in control untreated cardiac myocytes but markedly increased after ethanol treatment (P Ͻ 0.001). The mitochondria are a major source of ROS, and ethanol-generated exosomes contained a large number of mitochondrial proteins. Cells were treated with a combination of antioxidants: 10 mM N-acetyl-L-cysteine, 1 mM ascorbate, and 100 M Trolox, based on the literature (13, 36) . Treatment was begun 30 min before the initiation of ethanol treatment or hypoxia to allow equilibration. As shown in Fig. 6 , D and E, antioxidant treatment significantly decreased acetylcholine esterase activity, a marker for the amount of exosomes present (Fig. 6, D and E) . However, total protein/exosomes increased in groups treated with inhibitor compared with hypoxia/reoxygenation or ethanol alone, but this increase was not significant (Fig. 6F) .
DISCUSSION
Although exosomes have been recognized for 15-20 yr, their actual function(s) remains elusive. Exosomes were originally described as the mechanism by which reticulocytes shed unneeded receptors and protein complexes as they matured to erythrocytes (14) . One function of exosomes is thought to be the removal of denatured proteins and organelle fragments. A number of studies (20, 43) have implicated exosomes in transmitting/transferring the malignancy of cancer to other cells. Cancer cells have been found to manipulate the environment and evade immunity via exosomes (5) . Exosomes released by a medulloblastoma-derived cell line promoted cell proliferation and tumor cell migration and had immune modulatory effects on lymphocytes (7). Exosomes have also been identified as allowing virus transmission from cell to cell while evading the immune system (28, 30) . Thus, exosomes promote disease progression and are considered to be immunosuppressive in cancer (49) . However, little is known about exosomes in the cardiovascular system. HL-1 cells have been studied as a model of cardiac cells. Microvesicles ranging in size from 40 to 300 nm have been isolated from the media of HL-1 cells and were found to change gene expression in fibroblasts after 48 h of coincubation (52) . The broad size range of these vesicles indicates a mixed population, making results difficult to interpret with respect to the specific vesicle type. Yu et al. (54) reported that neonatal cardiac myocytes released TNF-␣ in exosomes after prolonged hypoxia. Thus, very limited evidence supports that cardiac-derived exosomes may have important downstream signaling effects.
ExHSP60
ExHSP60 is toxic to cardiac cells through the activation of TLR4 triggering late cardiac myocyte apoptosis (19) . HSP60 is released from cardiac myocyte in exosomes, where potentially it is safely sequestered. In the present study, exosomes under a range of physiological, pathophysiological, and extreme con- ditions did not release HSP60. As exosomal HSP60 is tightly bound to the exosomal membrane, we tested whether GAPDH would be released from exosomes. Like HSP60, GAPDH remained within the exosome. Thus, HSP60 is stable within the exosome and not released under a range of physiological conditions.
Plasma/Serum HSP60 and Exosomes
There is a substantial literature reporting HSP60 in the plasma in various disease states (11, 24, 35) . One study (41) found very high levels of plasma HSP60, 10 g/ml or more, rivaling albumin levels in some patients. On the other hand, in a study of Italian diabetics (3), we found relatively low levels of HSP60 in serum. Similar low serum levels correlated with the development of lung problems after motor vehicle accidents (34) . Most studies are done on frozen plasma or serum samples, which would rupture any exosomes. Although we have shown that HSP60 is released by cardiac myocytes via exosomes in the absence of necrosis, this does not eliminate other routes for release of HSP60 by other cell types. Plasma/ serum HSP60 reflects the sum of HSP60 released by all organs and tissues. Many questions remain to be answered about the source, amount, and toxicity (or lack thereof) of plasma/serum HSP60. We and others are pursuing investigations in this area, and further work will be needed to define the role of exosomes versus other cellular mechanism in the release of HSP60 into the bloodstream. However, the results of the present study supports that HSP60 released in exosomes remains in exosomes.
Exosome Protein Content
As shown in Table 5 , comparison of reported content of exosomes from other cell types shows that our exosomes shared only a handful of common proteins with previous studies. Of the 51 ethanol exosomal proteins identified, there were only a few proteins in common with previous studies, including actin, heat shock cognate 71-kDa protein, and GAPDH (2, 6, 8, 18, 29, 37, 42, 51, 53) . A number of other proteins that are commonly associated with exosomes, such as HSP90, major histocompatibility complex I/II, and tetraspanins (such as CD63), were not seen in our MS analysis; however, HSP90 was found in hypoxia/reoxygenation-derived exosomes (data not shown). Although these proteins may be considered common exosome proteins, there was still a sizeable variance among proteomic studies of exosome composition (29) . In addition, it should be noted that the majority of proteomic studies were taken from human cells, commonly cancer cells. These data give credence to the possibility that the composition of exosomes can vary greatly based on their origins; thus, exosomes from different cell types may serve different purposes based on their composition.
VCP
VCP is an abundant cellular protein known by several names, including p97, p97 AAA-ATPase, TER94, and CDc48 (the latter in yeast only). VCP is widely distributed throughout the cell and was originally identified for its role in ubiquitinmediated protein degradation (1). However, results from a recent study (31) have led to an increasing list of cellular functions and processes in which VCP is involved. Besides its role in protein processing for degradation, VCP has been found to be involved in autophagy, regulation of proteins in the outer mitochondrial membrane through degradation, and endosomal sorting (17) . VCP localizes to the endosomal membrane, where it binds early endosome antigen 1 (38) . Inhibition of VCP or downregulation with small interfering RNA delayed trafficking of the endocytic cargo and resulted in an increase in size and clustering of the endosomes (38) . The presence of VCP in cardiac myocyte-derived exosomes raises the question of whether VCP is involved in exosome formation or exosomal protein trafficking. We identified only one other study where VCP was localized in exosomes (37). VCP's role in the formation of the Golgi stacks as well as its association with the endosomal membrane certainly suggest that this protein is involved in organelle and vesicle dynamics.
Ethanol and Exosomes
An unexpected finding was that ethanol, at concentrations seen with the consumption of alcoholic beverages, greatly increased the production of exosomes by cardiac myocytes. . E: acetylcholine esterase activity assay for hypoxia/reoxygenation-treated cells with and without antioxidants. F: comparison of total protein for exosomes from ethanol treatment with and without antioxidants and hypoxia/reoxygenation with and without antioxidants. Each cardiac myocyte isolation was split in two, and half of the cardiac myocytes were treated with ethanol or hypoxia/reoxygenation and half were treated the same plus antioxidant inhibitors. The protein content of exosomes derived from these matching cell sets was compared. n ϭ 3-4 per group; for CellRox Red, n ϭ 11-12. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. Of the 51 proteins identified by mass spectrometry from exosomes isolated from rat cardiomyocytes, 11 proteins were seen in previous proteomic studies but only 6 proteins were found in multiple studies. The corresponding protein accession number and gene name are provided along with the relevant literature.
With high-dose ethanol there was a slight increase in apoptosis, but there was none with the low dose. Neither ethanol treatment nor hypoxia/reoxygenation resulted in LDH release. There was also no evidence of apoptosis with hypoxia/reoxygenation. Ethanol has not previously been found to stimulate exosome production. The particle sizing profile for ethanolderived exosomes compared with hypoxia/reoxygenationderived exosomes did not differ. Ethanol-induced exosomes appeared to have increased protein content compared with hypoxia/reoxygenation-induced exosomes, based on similar acetylcholine esterase activity, which reflects the amount of membrane present, but a greatly increased exosomal protein content.
Ethanol is a hydroxyl radical scavenger leading to the production of several radicals, of which the 1-hydroxy-ethyl radical is the most abundant (80%) (39) . ROS generation in the heart was detected in vivo after the ingestion of alcohol for 2 wk in a rat model (40) . Others (27) have found ROS-related cardiac damage within hours of ethanol exposure, and this could be ameliorated by pretreatment with the antioxidant N-acetyl-L-cysteine. The increase in ROS would be exacerbated by a drop in mitochondrial glutathione (cytosolic levels unchanged) observed after one treatment of oral ethanol in a rodent model (16) . In the present study, we found that 2 h of ethanol exposure resulted in a marked increase in ROS in cardiac myocytes. Many of the proteins in ethanol-derived exosomes were mitochondrial. We treated cardiac myocytes with a combination of potent antioxidants to reduce ROS production. Exosome quantity, based on the acetylcholine esterase assay, was decreased with both ethanol treatment and hypoxia/reoxygenation. Thus, antioxidants decreased exosome formation but did not completely inhibit it.
In the present study, we found that exosomes are quite stable under physiological as well as pathological conditions. In addition, exosome formation is greatly enhanced after brief exposure to ethanol at concentrations that would be seen after the consumption of multiple alcoholic drinks. Alcohol consumption can lead to cardiomyopathy, and some have proposed that 21-36% of dilated, nonischemic cardiomyopathy is caused by excessive ethanol consumption (10, 23) . The enhanced release of exosomes after ethanol treatment raises the possibility that this increase in exosome release might have a role in the eventual development of cardiomyopathy. The increase in exosomes and their protein content after brief ethanol treatment are likely secondary to denatured proteins and cellular damage, in part from increased ROS. This is the first report, to our knowledge, identifying ethanol at levels seen in the general public as stimulating exosome production. Proteomic analysis established that the exosomes contained a wide assortment of proteins, including proteins from the mitochondria, cytosol, and plasma membrane. The protein content of ethanol-versus hypoxia/reoxygenation-derived exosomes differed, suggesting that different stimuli will result in different proteins being released in exosomes from the same cell type. Furthermore, there was a greater amount of protein present in ethanolinduced exosomes. Exosomes form in the multivesicular body, which either traffics to the lysosome or fuses with the plasma membrane, emptying its contents of exosomes into the extracellular space. The regulation of the gating of this process, lysosome versus extracellular space, remains to be understood, but given VPC's known functions, it is possible that it may have a role here, too.
Exosomes are released in the extracellular space and distributed throughout the body. The fate of exosomes remains to be elucidated. One study (43) has suggested that exosomes from cancer cells may convey malignancy to noncancerous cells. Exosomes have also been reported in the urine, and these may arise from the kidney or represent one method of clearing these vesicles. Work to date suggests that exosomes may have a role in intercellular signaling, as cancer studies would suggest (8, 9, 29, 44) . Exosomes have also been suggested as a way for viruses to move between cells without being detected (47) . More work is need to understand the function and fate of these small vesicles.
